Microbial contamination of surface waters constitutes a health risk for drinking water consumers which may be lowered by closing the raw water intake. We have evaluated microbial discharge events reported in the river Gö ta ä lv, which is used for raw water supply to the city of Gö teborg.
INTRODUCTION
Drinking water safety depends on the raw water quality, well functioning treatment processes and properly maintained distribution and plumbing systems. The identification and management of quality variations and hazardous events in the raw water are important when assessing the level of risks related to drinking water production and govern the potential risk for diseases associated with consumption of insufficiently treated surface water. Waterborne diseases related to poor surface water quality, in combination with insufficient treatment, still occur. In the period 1980 -2004, 142 waterborne outbreaks were reported in Sweden with a total of 63,000 cases of reported illness (SMI 2006) . In order to prevent microbial hazards in the surface water to present a health risk through drinking water, an understanding of the catchment and its inherent activities is needed.
Pathogens present in surface waters originate from both point-and diffuse sources and concentrations may vary considerably over time (Ferguson et al. 2003) . Increased microbial impact have been observed during rain periods with substantial runoff, typically resulting in elevated microbial concentrations in surface waters (Tyrrel & Quinton 2003; Signor et al. 2005) . Point sources for pathogens may include municipal wastewater discharges and heavily polluted tributaries within a river system.
Diffuse sources, on the other hand, include urban, agricultural and forestry runoffs with microbial impact from livestock and wild animals in the catchment area. Further-An assessment of the microbial risk associated with raw water contamination has traditionally been based on monitoring for microbial indicator bacteria and not on the actual levels of pathogens (Taylor 2003) . Monitoring of raw water quality for drinking water production, as well as recreational water quality, is based on indicator bacteria like total coliforms, E. coli and intestinal enterococci.
Bacteriophages and sulfite-reducing clostridia have sometimes been used as supplementary indicators (EC 1998) . The indicator organisms may not reflect the actual risk, since a direct correlation between pathogens and traditional indicator organisms often is lacking. In a recent EU project on drinking water risks (MicroRisk) twelve European catchments, of which eight included river surface water, were evaluated and the interrelation between microbial parameters appeared to be site-specific (Dechesue & Soyeux 2007) . The traditional organisms E. coli and faecal enterococci are, however, considered predictive in the identification of hazardous events (Prü ss 1998; Kay et al. 2004) .
In addition to traditional microbial sampling, other parameters to identify microbial hazardous events may be used. It has been observed that the levels of indicator bacteria and parasites increase considerably in the surface water as a result of extreme runoff events (Atherholt et al. 1998; Crowther et al. 2002) why rainfall monitoring may be considered as an important early warning method to forecast microbial contaminations. One of the consequences of heavy rainfalls is increased discharge from urban wastewater systems including combined sewer overflows. The discharged volumes of wastewater (Payment et al. 2000 (Payment et al. , 2001 as well as stormwater (Marsalek & Rochfort 2004; Selvakumar & Borst 2004 ) may carry substantial amounts of pathogenic bacteria, viruses and parasites and their subsequent fate in the receiving waters will reflect the risk of infections after exposure.
The aim of this paper is to assess potential hazardous events that have been monitored and reported for several years in the raw water source river Gö ta ä lv, Sweden.
Closure of the raw water intake due to online and upstream reports were evaluated in relation to the microbial indicator variability. The microbial impact at the intake was correlated to external factors in the upstream catchment area, including rain, temperature, flow, turbidity and microbial effects from local precipitations and sewage discharges were further assessed.
MATERIALS AND METHODS

Study area
The city of Gö teborg is located in the southwest part of Sweden and has its raw water intake from the river Gö ta ä lv. The entire catchment area, including the areas of the upstream lake Vä nern and the further upstream rivers, is the largest in Sweden (50,200 km 2 ) and bridges the border with Norway in the north-west. The lower part of the catchment, stretching from Lake Vä nern to the sea ( Figure 1 ), comprises an area of 13,300 km 2 and has an annual mean water flow of about 550 m 3 s 21 . Point source pollution upstream of the raw water intake for Gö teborg includes human pollution from urban wastewater systems, with about 87,500 persons connected, and 13 larger industries including paper mills discharging along the river Figure 1 | The river Gö ta ä lv and its lower catchment area with the location of wastewater treatment plants, paper mills, weather station and the drinking water intake for Gö teborg. The administrative border of the municipality of Ale is marked by a bold line. (GÄ WF 2006) . The microbial impact from diffuse sources mainly includes surface runoffs from urban (stormwater) and livestock areas but also from birds and wild animals.
The Gö ta ä lv is used as a raw water source for six drinking water treatment plants, where two are located in Gö teborg.
These two plants are serving in total about 700,000 people of which about 500,000 people are supplied in the city of Gö teborg. At the Gö teborg raw water intake, water is pumped into a storage reservoir and further pumped to the water treatment plants.
River flow
The highest flows in Gö ta ä lv are normally registered in the period from December to June, while flows below 500 m 3 s 21 mainly occur between July to November. The seasonal flow variations registered in Lilla Edet (Figure 1 
Wastewater and paper mill discharges
In the urban areas of the catchment south from Vä nern untreated wastewater is frequently discharged to the Gö ta ä lv from the wastewater systems. These discharges originate from combined sewer overflows during heavy rainfalls or from hydraulic failures in the separate sewage systems, e.g. 
Water sampling and microbial analyses
Seven monitoring stations aimed at an early warning system for water treatment plants are located along the Gö ta ä lv between Vä nern and the raw water intake for Gö teborg. thereafter a ColilertY tray method has been used. Local sampling data for E. coli at the intake have resulted in similar concentrations from the membrane filtration and the Colilert methods, respectively, and analytical results from these two methods are therefore comparable (Braathen et al. 2005) . Samples from the raw water intake were analysed monthly by standard membrane filtration methods for intestinal enterococci (ISO 2000a). From 2004 samples taken three times a week are also analysed for sulfite-reducing clostridia according to the standard (ISO 1986) except for the preheating to exclude vegetative cells.
Raw water intake management
The raw water intake for Gö teborg from the river Gö ta ä lv is designed to close if the raw water quality is considered unacceptable for drinking water production. In order to prevent a variety of contaminations within the catchment, closures of the intake are decided from water quality monitoring and upstream reports. These closures of the intake (closure events) may relate to microbial and nonmicrobial contaminations (Table 1) and are here consecutively numbered for analyses.
Microbial contaminations are identified from microbial quality (MQ) analyses at the raw water intake (category no.
1, Table 1 ) and at the upstream sampling stations (no. 2); predominantly high concentrations of E. coli and total coliforms. In agreement with the former Swedish national standard for raw water quality (SLV 1989) , withdrawn in 2003, E. coli levels above 500 CFU, 100 mL 21 and total coliforms above 5,000 CFU 100 mL 21 are used as decision levels for closing the raw water intake. After the coliform method changes, from membrane filtration to Colilert analysis in 2004, the threshold level for E. coli was in the management set to 400 MPN 100 mL 21 in order to stay below the level at 500 CFU 100 mL 21 . Microbial contaminations are also identified in reports from the upstream catchment but also from high precipitation records (no. 3). by the raw water intake regulators in Gö teborg. Nonmicrobial events frequently closed the intake, though a majority of these only lasted for a few hours.
Reports
Data collection
Data from microbial analyses within the regular monitoring of faecal indicator bacteria at the water intake (Table 1) Data from two weather stations were collected (precipitation and air temperature). The first station is located 35 km upstream of the intake, directly downstream from Lilla Edet (Figure 1) , which was used as a representative for the entire river Gö ta ä lv. Precipitation data from this station was correlated with the microbial counts at the intake (E. coli and sulfite-reducing clostridia) and was used to determine the time delay for a rain event to have the maximum microbial impact at the water quality at the raw water intake for Gö teborg. The second station is located 15 km north of the raw water intake, in the centre of Ale municipality, and the data was used in the assessment of the relative impact of the wastewater discharges from this municipality. 
Data analysis
RESULTS
Closures of the raw water intake for Gö teborg undertaken to counteract hazardous concentrations in the drinking water were investigated in terms of indicator counts in the river, as presented in Figures 2 and 3 . The levels of total coliforms and E. coli at the raw water intake during periods with closed intake, subdivided into the defined closure event categories, were highly varying (Figure 2 ). Nonmicrobial closure events (no. 8; Figures 2(A) and (B) ) in general included lower indicator counts than microbial closure events related to alarms or specific discharges (nos.
1-5).
During periods with open intake (no. 9), the levels were as a median lower compared to the periods with closed intake resulting from microbial closure events (nos. (Figure 3(B) ), the highest median concentrations (46 CFU 100 mL 21 ) were observed during microbial closure events related to unspecified reports (no. 7, n ¼ 6), thus with unknown origin.
During periods with open intake (no. 9, n ¼ 103) the median values were lower: however, peak concentrations were observed with a maximum at 140 CFU 100 mL 21 . As for the other bacteria, this indicates a substantial microbial load also during periods where the water at the intake was considered as microbially safe.
Correlating microbial data
The microbial impact in the river at the water intake was correlated to precipitation monitored at the meteorological station in Garn (35 km upstream of the intake). In Figure 4 , the correlations between the concentration of total coliforms and E. coli and precipitation the previous day are illustrated. A positive significant correlation was observed for total coliforms and rainfall 0-5 d earlier and for E. coli and rainfall 1-4 d earlier (Figures 4(A) and (B) , respectively). As the transport time from the meteorological station is estimated to be in the range of 16-66 h, these results indicate a delay either due to water transport or due to the dispersion and diffusion spread of bacteria in the river channel. Based on these observations, the accumulated precipitation 1-4 d prior to the microbial samplings was used in the further assessments. In the comparison between turbidity and the indicator bacteria, the highest correlation was observed with the clostridia counts (r ¼ 0.65). The indicator bacteria counts were negatively correlated with the air temperature and even more negatively correlated with the water temperature. This confirms a more rapid die-off for the bacteria at higher water temperatures, and the same pattern was also found in the relation between turbidity and temperature. A positive correlation was observed between turbidity and the accumulated precipitation probably due to high surface water runoffs from both urban and rural areas ( Table 2) .
The relative impact from local precipitations and wastewater discharges
Local precipitations and wastewater overflow volumes registered from the Ale municipality (municipality border marked in Figure 1 ) were correlated to the downstream E. coli counts at the water intake for Gö teborg. A maximum overflow volume of 31,400 m 3 was registered during two days, exceeding the highest volumes passing the WWTP (10,000 m 3 during 2 d). In Figure 5 (A) the E coli concentration at the raw water intake is plotted as a function of the discharge volumes registered in Ale municipality the same day as the indicator analyses and the day before. A weak but positive trend was observed between E. coli counts at the water intake and the discharged wastewater volumes (r 2 ¼ 0.16). Discharged volumes above 100 m 3 per 2 d within the municipality (2.0 log) were associated by elevated E. coli counts downstream. Similarly, E. coli counts above the intake closure threshold level at 400 CFU 100 mL 21 (2.6 log) were predominantly associated with higher discharge volumes. A weak positive trend was also found when comparing with additional microbial samplings taken within Ale municipality at Sö dra Nol monitoring station ( Figure 5(A) ). However, microbial contamination further upstream than Ale may contribute to the scattered pattern observed in the figure.
In Figure 5 
DISCUSSION
Closure events due to the management of the source water intake regulation for the Gö teborg drinking water supply Cryptosporidium have been found in significant levels in wastewater treatment plants discharging to Gö ta ä lv (Ottoson 2001) . In addition to wastewater, the microbial load in Gö ta ä lv is also influenced from stormwater discharges. Concentrations of E. coli in stormwater have been reported in the range of 1000 -10,000 per 100 mL (Marsalek & Rochfort 2004) , which corresponds well to local sampling data from Gö teborg (Lavieille 2005) . 
CONCLUSIONS
From this study we mainly conclude that raw water intake regulations may create a microbial barrier for drinking water in relation to different types of microbial contaminations upstream within a river catchment. As related to different types of microbial and non-microbial contaminations in Gö ta ä lv this intake management was shown to be effective with respect to selected indicator bacteria, mainly due to the 
